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Abstract
Carbohydrate–protein interactions play vital roles in various biochemical
processes such as signal transduction and cell surface recognition events. The
clustering of carbohydrates into dense domains such as lipid rafts regulates
recognition by multivalent receptors (i.e. lectins). These regions are known to
play important roles in biological processes such as cellular transduction and
trafficking. In order to characterize the clustering of glycans on cell surfaces,
detection of domains with high carbohydrate density is of great interest. In this
thesis, we present the work based on a modular strategy to design and
synthesize boronic acid-based carbohydrate receptors, which are termed as
boronolectins because of their similarly in functions with lectins, in order to
understand the molecular basis of carbohydrate–protein interactions. These
receptors will then be employed for binding studies with carbohydrate based
guests and catechol derivatized diol target molecules in order to study the
binding interactions between the boronic acid receptors and diol moieties present
in guest molecules.
A second project that is described in this thesis is based on developing
diacylglycerol-based lipid probes, which could be employed for studying
protein‒lipid binding interactions. Due to involvement of protein‒lipid binding
interactions in the onset of various pathophysiological conditions, it is of
paramount importance to investigate these interactions at the molecular level.
DAG (diacylglycerol) represents an important class of signaling lipids and
members of the Protein kinase C (PKC) family are described as the main
iii

responsive receptors of DAG. PKCs are known to be involved in tumorigenesis.
In order to elucidate the exact correlation between PKC activity and
carcinogenesis, it will be beneficial to design and synthesize DAG-based lipid
analogs. In this thesis, hence, a modular strategy to design and synthesize a
class of DAG-based lipid analogs by appending reporter groups such as
polyaromatic fluorophores in the sn-1 acyl chains via the traceless Staudinger
ligation is described.
In both the projects, the synthetic strategy adopted is based on a modular design
in order to generate a common scaffold which undergoes modification at the last
step to generate a class of fluorophore tagged analogs to be employed for
studies.
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Chapter 1:
Design, Synthesis and Binding Studies of Boronic Acid
Based Carbohydrate Sensors

Background and significance:
Significance of carbohydrates in biological processes
Carbohydrates, or saccharides, are the most abundant of the four major classes
of biomolecules. They are comprised of a large group of molecules including simple
monosaccharides, oligosaccharides, and polysaccharides. It is a well known fact that
the cell surfaces of organisms including mammals are coated with a complex layer of
glycoconjugates in the form of glycoproteins (carbohydrates attached to proteins) and
glycolipids (carbohydrates attached to lipids), referred to as the glycocalyx. The term
glycan refers to the carbohydrate portion of a glycoconjugates including a glycoproteins,
glycolipids, etc.
Carbohydrates represent particularly attractive molecular targets for sensor
development among the important biological compounds. However, due to the similar
functionalities present in all sugars, it is difficult to selectively recognize these in their
natural environment. The molecular recognition of carbohydrates is an intriguing subject
in view of their important roles in biological activities, including intracellular
recognition1,2-3 signal transduction,4-5 and fertilization.6
Many biological recognition processes involve the binding and clustering of
ligand-receptor complexes and concomitant signal transduction events. Pace and
1

coworkers7 have observed such kind of interactions in human T cell, in which binding
and crosslinking of specific glycoprotein counter-receptors on the surface of cells by an
endogenous bivalent carbohydrate binding protein (galectin-1) leads to apoptosis.7
Carbohydrates play important roles in key recognition events with a variety of
receptors such as hormones, enzymes, toxins, lectins,8 antibodies, viruses and bacteria
(Figure 1.1). Specific interactions occur through the binding of glycoproteins, glycolipids
and polysaccharide displays found on cell surfaces to proteins with carbohydratebinding domains, called lectins, through cooperative multivalent interactions. Lectins2
are carbohydrate binding proteins, the biological roles of many of which are known. For
example, a number of mammalian lectins are involved in receptor-mediated endocytosis
of glycoproteins, and others, including selectins, are involved in cellular recognition and
adhesion. A common feature of lectins is their multivalent binding activities. The binding
of lectins to cells-surface glycans often leads to crosslinking and aggregation of specific
glycoprotein and glycolipid receptors. These crosslinking effects are generally
associated with signal transduction processes. Examples of important cell surface
recognition events include: 1) cell-cell adhesion in inflammatory processes involving
lectin-carbohydrate interactions, which mediate leukocyte latching to inflamed tissues,9
2) neutrophil penetration is thought to be mediated by CD177, a glycoprotein;10 3) HIV
infection is mediated by glycoprotein binding with cell surface receptors;11 and 4) the
metastasis of certain cancers involves saccharide-mediated events.12
The clustering of carbohydrates into dense domains such as lipids rafts13-14
regulates recognition by multivalent receptors (i.e. Lectins). Membrane rafts are small
(10-200 nm) heterogeneous, highly dynamic, stereo and sphingolipid-enriched domain
2
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Figure 1.1: Carbohydrate recognition by lectins, toxins, viruses etc.

that compartmentalize cellular processes. By providing an additional level of
compartmentalization, they have been proposed to serve many functions in cellular
signal transduction and trafficking. Lipid rafts are plasma membrane domains that are
composed of cholesterol, glycosphingolipids, and GPI-anchored proteins. The presence
of discrete domains enriched in sphingolipids yields dense clustering of carbohydrate
moieties. These regions play important roles in recruiting various proteins through
3

multivalent interactions with carbohydrates, and hence are involved in various biological
activities.
Due to the significance of saccharides in biomedical chemistry, much emphasis
has been placed on understanding their molecular recognition. Understanding of the
molecular basis for carbohydrate–protein interactions not only provides valuable
information on biological processes in living organisms, but also aids the development
of potent biomedical agents.15
Small fluorescent molecules are indispensable tools for chemical biology, being
ubiquitous as bimolecular labels. In particular, small molecule mimics of proteins that
can bind cell surface carbohydrates (artificial lectins) are vital for detecting and
characterizing glycans presented on cellular membranes.

Boronic acids as receptors/lectin mimics
Due to the important biological properties of sugars, small molecule sensors
capable of detecting glycosylation are therefore being actively pursued. The most
promising strategy utilizes boronic acids as receptors for carbohydrates, which rely on
the reversible formation of cyclic esters with the hydroxyl groups of sugar molecules, as
shown in figure 1.2. These boronic acid-based carbohydrate sensors can be termed as
boronolectins because of their similarity in functions with lectins.2 In the design and
synthesis of carbohydrate sensors,16 the artificial hosts used for recognizing and
sensing saccharides are boronic acid-based small molecules, which could react with
1,2- or 1,3-diols, respectively, to form five- or six-membered cyclic esters. Formation of
this cyclic ester leads to an increase in the Lewis acidity of a central boron atom and
4

Figure 1.2: Illustration of the interaction between boronic acid and saccharide

it is this property that has been exploited to create saccharide sensing molecules.
The kinetics and thermodynamics17 of formation and dissociation of boronic acidsugar complexes have been shown to involve a number of proton-hydroxide ion
equilibria in aqueous solution. From the observed strong pH dependence of the rates of
complex formation and dissociation it has been demonstrated that, for a given boronic
acid, as the pKa of the diol decreases, the stability constant of the complex increases.18
The formation of the boronate ester is faster when the boron is tetrahedral, which
occurs at high pH. Since it is not always desirable to work at high pH, Wulff19
demonstrated that a tertiary amine adjacent to the boron can interact with the boron
center, creating a tetrahedral boron at neutral pH (Figure 1.3). This interaction between
boronic acids (Lewis acid) and neighboring tertiary amines (Lewis bases) provides two
distinct advantages. Firstly, the interaction between the boronic acid and tertiary amine
lowers the pKa of the boronic acid, allowing molecular recognition to occur in aqueous
solvents at neutral pH. Secondly, due to the contraction of the O─B─O bond angle on
5

Figure 1.3: Formation of reversible covalent linkages to diols by boronic acids

complexation, the Lewis acidity of the boronic acid is increased further still upon
saccharide binding. This reduction in pKa is the basis of many sensors that have been
developed as this change is sufficient to modulate photoinduced electron transfer (PET)
between the tertiary amine and an appended fluorophore. This characteristic allows a
fluorescent “on/off” response to be produced by boronic acid-tertiary amine based
sensory systems. There are various ways to describe the binding18 between a boronic
acid and a diol, such as the determination of the equilibrium constant (Keq), which is
used to describe the equilibrium between two boronic species (Figure 1.4).
The first comprehensive study of the binding constant between diol containing
compounds and phenylboronic acid (PBA) was published by Lorand and coworkers in
1959 using a pH-depression method.20 The pH lowering effect by the addition of diol
was correlated with the binding constants. The determination of the binding constant
6

Figure 1.4: The binding process between phenylboronic acid and a diol.

by measuring the pH changes upon addition were thus termed as the pH depression
method.
Other than pH-depression method, methods employed for determining binding
constants include 11B NMR and spectroscopic methods, the latter of which are generally
more sensitive. There have been many efforts by various groups in developing
spectroscopic methods for the determination of the binding events between boronic
acids and diols.20-27
Many groups, including Shinkai and coworkers,28 have designed and synthesized
various fluorescent boronic acid reporter molecules. Here, the report by Wulff19 and
colleagues that a benzylic amine at the ortho position of phenylboronic acid allows for
7

Figure 1.5: Examples of monovalent 1 and bivalent 2 boronic acid receptors

B-N bond formation has been beneficial. Since, in such a case, the boron atom acts as
a Lewis acid and boronate ester formation is known to lower the pKa of the boron,
reaction of such a boronic acid with a diol-containing compound strengthens the B-N
bond after ester formation. Such properties have been used for the design of a class of
fluorescent boronic acid compounds, the fluorescence of which can be modulated
through a photoelectron transfer (PET) process.29
In the example of anthracene-based boronic acid receptor 1,30 the lone pair of
electrons on the amine is known to quench the fluorescence of the anthracene moiety
(Figure 1.5). However, on ester formation, the Lewis acidity of the boron atom
increases, which results in increased B-N interaction. The interaction reduces the
availability of the nitrogen lone pair electrons for PET, and therefore results in increased
fluorescence intensity upon ester formation. Such a system is often referred to as a
“PET sensor”. Shinkai and co-workers performed extensive research into the binding
and selectivity of boronic acids with sugars. The fluorescent sensor 1,30 which has only
one boronic acid moiety, was determined to be selective for fructose. When a second
boronic acid is incorporated into the host,28 however, host 2 exhibited a preference for
8

glucose. This outcome shows that the spatial orientation of the binding moieties has a
significant effect on determining the selectivity of the receptor.
Mohr and co-workers23 reported a fluorescent water-soluble naphthalimide-based
receptor for saccharides with highest sensitivity in the physiological pH range, referred
to as FR-530. When FR-530 forms the ester with the diol moiety of saccharine, the
strengthening of the B─N bond reduces PET fluorescence quenching and consequently
an increase in fluorescence is detected (Figure 1.6).
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Figure 1.6: PET-derivatized boronic acid-based receptors
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Figure 1.7: Various pyrene-appended boronic acid receptors

James and co-workers30 have reported PET saccharide sensors with two
phenylboronic acid groups, a hexamethylene linker and fluorophores such as pyrene.
When two pyrene units are included, the long wavelength excimer emission due to π–π
stacking of the pyrene fluorophores was observed around 470 nm (Figure 1.7). When Dglucose binds to the receptor, it forms a 1:1 rigid cyclic structure, which causes the
separation of the two pyrene fluorophores to increase, leading to reduced π–π
interactions between them. This change in orientation of the system’s components
manifests itself in the fluorescence emission spectrum as a clear decrease in excimer
emission intensity upon saccharide addition.
James and co-workers28 also reported a fluorescent sensor 5 that contains two
phenylboronic acid groups, a hexamethylene linker, and two different fluorophore
groups (phenanthrene and pyrene). In a similar fashion to pyrene–pyrene interaction,
10

Figure1.8: Examples of various types of boronic acid sensors

the excimer emission change indicates that the fluorophore stacking of phenenthrene
and pyrene is broken on saccharide binding.
Wang and coworkers21-22,31 recently developed a new water-soluble fluorescent
boronic acid 6 that possesses good stability and can be used as building block for the
design and synthesis of selective sensors and boronolectins (Figure 1.8). James and
coworkers25,32 designed several azo boronic acids as colorimetric sensors. By using an
azo dye compound, it was proposed that the spectroscopic properties could be
11

modulated through changes in the B─N bond strength upon formation of the boronic
acid-sugar complex. These examples indicate the significant amount of effort that has
been put into the development of boronic acid-based compounds that can recognize
carbohydrate. The carbohydrate sensors developed to date have generally targeted the
binding of soluble saccharide motifs. However, further work is needed to produce
sensors that are effective for binding and characterizing glycans on cell surfaces. Lipid
rafts present interesting targets for study due to the clustering of carbohydrates in these
regions and their prominent roles in biological processes. As a result, we set out to
develop a boronic acid-based detection system that is capable of reporting the
clustering of glycans into dense domains.

Research design of boronic acid based receptors
FRET-based detection
In order to characterize the clustering of glycans on cell surfaces, detection of
domains with high carbohydrate density is of great interest. Our strategy for detection of
carbohydrate

clustering

employs

carbohydrate-binding

boronic

acid

receptors

derivatized with FRET (Fӧrster resonance energy transfer) pairs. This FRET-based
strategy is depicted in fgure 1.9. In regions of heavy glycosylation, the close proximity of
FRET-tagged receptors upon binding will result in an increase in acceptor emission
resulting from energy transfer. Domains of sparse glycosylation should yield little
background acceptor emission. Hence, regions of heavy glycosylation are expected to
be identified with high resolution by employing this FRET-based detection assay.
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Figure 1.9: Diagrammatic representation of boronic acid FRET pairs employed for
carbohydrate recognition

This FRET-based approach should also benefit from increased resolution. When,
using a single fluorophore-tagged receptor, less dense regions will yield increased
background fluorescence, and the signal in domains of increased glycan density is
diminished by fluorescence quenching. Also, detection with the single fluorescent
receptor requires a thorough washing step to remove unbound species; a step which is
unnecessary for our FRET strategy, as free receptors in solution would yield only
minimal acceptor emission caused by energy transfer.
The use of molecular fluorescence for biosensing includes several advantages.
Fluorescence measurements cause little or no damage to the host system. The
structure and distribution of biomolecules can be probed by the phenomenon of
fluorescence (or Fӧrster) resonance energy transfer33-34 (FRET). This involves the
nonradiative energy transfer from a fluorescent donor molecule to an acceptor molecule
in close proximity, and is usually brought about by dipole-dipole interactions. The signal
in FRET results in a decrease in fluorescence intensity and lifetime of the donor. For
13

dipole-dipole interactions, the rate of energy transfer is inversely proportional to the
distance between the donor and the accepter. Thus, FRET is an exceptionally sensitive,
angstrom level measure of changes in molecular distances. In choosing donor-acceptor
pairs, it is a prerequisite that the emission wavelength of the donor overlaps with the
absorption/excitation wavelength of the acceptor as shown in figure 1.10.
Figure 1.10 represent Jablonski’s diagram illustrating the FRET phenomenon. In
the diagram, the donor molecule absorbs energy to promote an electron into the excited
state. Under typical fluorescence conditions, relaxation of the electron would result in
the emission of a photon (florescence) by the donor fluorophore, with a resultant drop in
molecule energy (down arrows). However, if a suitable acceptor molecule is within a
certain distance (Förster distance; < 10nm) then the donor can transfer energy to excite
the acceptor, resulting in acceptor fluorescence. Hence, in FRET-pair system, donor
excitation results in acceptor emission.

Design and synthesis of fluorophore tagged boronic acid sensors
In the pursuit of this FRET-based boronic acid sensor system, we set out to
synthesize several fluorophore-tagged analogs via an efficient process. Therefore, a
modular approach was targeted in which the synthetic generation of a common boronic
acid precursor would allow convenient modification to produce a class of various
fluorophore tagged boronic acids. This combinatorial approach was employed to
generate various FRET based pairs required for the binding studies. The key to
developing a modular approach lies in introduction of a synthetic handle, such as an

14
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Figure 1.10: FRET- Conceptual description
a) Jablonski’s diagram – FRET
b) Overlap between emission (donor) and absorption spectra (acceptor)
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azide or an amine, that is stable under most conditions, yet reacts efficiently via specific
reactions such as 1,3-dipolar cycloaddition (“click” reaction)35-36 or coupling reactions,
respectively. The latter approach involved generation of a common boronic acid
precursor appended to an amine functionality, which can be modified via specific
reactions, such as reductive amination or coupling, to introduce different fluorophores,
which involves modification in the final step.
A synthetic route to efficiently install different fluorophores onto a boronic acid
receptor moiety was developed. Various fluorophores can then be directly installed to
synthesize boronic acid-fluorophore conjugates. We have synthesized pyrene-(1a),
rhodamine-(1b), 7 chloro-4-nitrobenzo-2-oxa-1,3-diazole (NBD)-(1c) conjugates.
The synthesis of pyrene-tagged boronic acid receptor 1a was initiated via monoboc
protection of commercially available xylylene diamine (2). The monoboc protected
amine 3 was coupled with commercially available pyrenebutyric acid (4) using standard
coupling conditions to yield compound 5. Boc deprotection of compound 5 using acidic
conditions lead to corresponding amine 6, which was made to undergo a reductive
amination reaction with 2-formyphenyllboronic acid (7) to obtain pyrene tagged boronic
acid sensor 1a (Figure 1.11). Due to various problems encountered during the
purification of compound 1a, we attempted to protect the boronic acid group using Nmethyliminodiacetic acid.37 This yielded the protected 2-formyl phenylboronic acid 9,
which was made to undergo reductive amination with amine 5. However, due to the
inability to obtain compound 10 (Figure 1.12), the previous synthesis was adopted to
synthesize 1a, but different purification strategies were employed to purify compound
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Figure 1.11: Synthesis of pyrene-tagged boronic acid receptor

1a. Initially, compound 1a was purified using column chromatography over silica gel
using ammonia saturated methanol and dichloromethane as the solvent system.
However, the NMR of compound 1a showed peaks corresponding to the required
product with some additional peaks in the regions of aromatic and hydrocarbon regions.
Further analysis showed that extra peaks resulted due to the use of ammonia saturated
methanol during column for purification of compound 1a. This became
17

Figure 1.12: Alternate synthesis of pyrene-tagged protected boronic acid.

evident due to the absence of the extra peaks in the NMR of the crude product. Hence,
reverse phase chromatography using C18 silica from silicycle was employed to purify
compound 1a and consequently a clean NMR of the compound was obtained.
In order to study the binding interactions, we synthesized boronic acids bearing FRET
pair fluorophores, namely rhodamine and NBD (Figure 1.13). The approach to
synthesize these FRET pairs is based on monoboc protection of xylylenediamine 2
followed by a reductive amination reaction with 2-formyl phenylboronic acid (7) in order
to synthesize compound 11, which on deprotection with trifluoroacetic acid formed the
trifluoroacetate salt of the corresponding amine. This was then passed through an ionexchange column to yield the corresponding chloride salt 12. compound 12 was then
made to undergo a coupling reaction with lissamine rhodamine B sulfonyl chloride (13)
18
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Figure 1.13: a) Synthetic scheme for synthesis of amine salt of boronic acid 12
b) Synthesis of boronic acid tagged with donor/acceptor fluorophores 1b
and 1c.
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and NBD chloride (14) to synthesize the rhodamine-(1b) and NBD-(1c) tagged boronic
acids. Initial purification using ammonia saturated MeOH/CH2Cl2 again resulted in the
appearance of extra peaks in the NMR similar to those of the pyrene tagged boronic
acid. Hence, reverse phase column chromatography using a C18 column from silicycle
was employed in order to purify the rhodamine-(1b) and NBD-(1c) tagged boronic acids.
Compounds 1b and 1c were then used for binding studies with the carbohydrate guests
and catechol-based diol containing target molecules synthesized in the lab. (See later
sections)
Prior to working out the modular synthesis of tagged boronic acids depicted in
figure 1.13, other approaches were also pursued. A preliminary approach to synthesize
boronic acid probes was based on the idea of incorporating the azide as a synthetic
handle in the common boronic acid precursor, which could be derivatized. Azide is a
bio-orthogonal functional group that can be easily modified via the 1,3-dipolar
cycloaddition (“click” reaction). The choice of an effective synthetic handle in the
modular approach was based on the fact that azides pose negligible steric limitations
due to their small size. They are also stable under acidic and basic conditions. Hence
1,3-dipolar cycloaddition reactions could be beneficial for appending various
fluorophores to introduce different FRET pairs via a one step modification in the
synthetic scheme.

20

Figure 1.14: Modular approach using click reaction for synthesis of fluorophore tagged
boronic acid

In this strategy, the fluorophores to be appended were modified to incorporate an
alkyne handle for derivatization by the click reaction. To pursue this strategy, the
synthesis of a boronic acid containing an azide tag 16 was initiated (Figure 1.15).
Compound 15, synthesized by Chi-Linh Do-Thanh in our group, was made to undergo a
reductive amination reaction with commercially available 2-formylphenylboronic acid (7).
We then attempted to append various fluorophores onto 16 via the Huisgen 1,3-dipolar
cycloaddition (‘click’ reaction) in the presence of a catalytic amount of copper sulfate
and sodium ascorbate to form a 1,3 triazole linkage. Different fluorophores were
appended to the inert alkyne handle via coupling reaction with propargyl amine 22. The
fluorophores dansyl chloride, naphthylacetic acid, coumarin-3-carboxylic acid were
made to undergo coupling reactions with propargylamine to yield the corresponding
alkynes 17,19, and 23 respectively. Unfortunately, reaction of compounds 17 and 19
with 16 did not produce 18 and 20, respectively.
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Figure 1.15: Alternate synthesis of fluorophore tagged boronic acid receptors using
click reactions

The plausible explanation for the result is that boron containing compounds can
undergo metal-catalyzed coupling reactions, such as Suzuki coupling that would
compete with the click reactions. Due to this reason, there has been reports on using
pinacol protected boronic acids under “click chemistry” conditions.38 Another approach
that was pursued involved an alkyne appended derivative of coumarin-3-carboxylic acid
(23) (Figure 1.16). This strategy was based on the assumption that the boronic acid was
disadvantageous for copper catalyzed click reactions.
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Figure 1.16: Attempted approach to synthesize fluorophore-tagged receptors

The alkyne tagged compound 23 was made to undergo a 1,3-dipolar cycloaddition with
Boc protected azide functionalized linker 24 to yield compound 25. Compound 25, on
deprotection yielded trifluoroacetate salt 35, which was subjected to a nucleophilic
substitution reaction with 2-(bromomethyl)phenylboronic acid (27). Failure to obtain
compound 28 leads us to deviate from an approach, using the click reaction. The new
approach shown in figure 1.17, involved the coupling of mono-Boc protected amine 3
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Figure 1.17: Alternate nucleophilic substitution approach

with coumarin-3-carboxylic acid (21) to yield compound 29, followed by Boc
deprotection to yield trifluoroacetate salt 30. However, subsequent coupling of
compound 30 with 27 was not successful for forming 31. Due to unsuccessful
nucleophilic reactions to obtain 31, further emphasis was laid on the characterization of
amine salt 30 obtained from Boc deprotection of compound 29. The mass spectrum of
30 shows a peak that corresponds to a side product obtained from intramolecular
nucleophilic attack of free amine on the electrophilic lactone carbonyl group within the
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ring structure, which would have resulted in the unavailability of the free amine
functional group for nucleophilic attack to synthesize compound 30. Hence, there was a
need to employ a new set of fluorophore compounds in combination with a different and
improved approach to appending the fluorophores to the boronic acid compounds.
.

Therefore, the current approach involving pyrene, rhodamine and NBD

fluorophore tagged was employed to successfully synthesize boronic acid sensors 1a,
1b, and 1c, respectively shown in figure 1.13.

Design and synthesis of divalent carbohydrate guest
As a “Proof of Principle” for the detection of clustered glycans, binding studies
were conducted with divalent target molecules containing diol moieties. The idea of
synthesizing divalent guests was based on the factor that we wanted to create a system
which could imitate cell surface carbohydrate clustering involving sugar molecules in
near vicinity. The diol moieties in the form of mannose sugars or catechol derivatives
connected via a linker would bind the donor and acceptor on the same molecule
bringing them into close proximity in order to activate the FRET. The same principle
would be employed for carbohydrate cell surface cluster detection. The diagrammatic
representation for the design of divalent guests is shown in figure 1.18.
While keeping this factor in mind, various compounds containing diol moieties
have been synthesized. The design was based on synthesizing divalent guests by
incorporating two diol moieties to binda boronic acid donor and a boronic acid acceptor.
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Figure 1.18: Diagrammatic representation of design of divalent guests

Several such divalent guests have been synthesized incorporating diol moieties either in
the form of mannose sugars (36, 39) or the catechol derivatized target molecules (44,
46). As reported in literature,17 the binding affinities of boronic acids towards catechol is
higher than mannose sugar counterparts, thus the compounds 44 and 46 were
synthesized. In the synthesis of 36, tetraethylene glycol 32 was first converted to
diazide derivative 33 through mesylation and azide substitution (Figure 1.19). The
diazide derivative 33 was then coupled to alkyne derivatized mannose sugar molecule
26

Figure 1.19: Synthesis of TEG-linked divalent carbohydrate receptor

34 (synthesized by Irene Abia from Baker’s group) via a click reaction.36 Due to the
problems encountered in the purification of compound 36 because of the presence of
free hydroxyl groups, it was decided to use acetyl protected mannose sugar derivative
35. In this way, compound 36 was obtained by deprotection of acetylated mannose
sugar molecules using sodium methoxide as reported in literature.39 This compound
was later used as a guest for binding studies.
Another kind of divalent guest was synthesized by replacing the more flexible
TEG-linker of 36 with the more rigid 1,3-substituted aromatic linker of compound 39
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Figure 1.20: Synthesis of divalent carbohydrate receptor

(Figure 1.20). Compound 39 was synthesized using the strategy employed for the
synthesis of compound 36. Commercially available compound (37) undergoes coupling
reaction to incorporate azide functionality to yield compound 38. Compound 38 was
thenmade to undergo click reaction with acetylated alkyne derivatized mannose sugar
molecules to yield compound 39 upon deacetylation. Compund 39 was employed as an
other divalent guest for the studies.
Compound 44 was synthesized from commercially available compound 3,4dimethoxy benzoic acid (40) (Figure 1.21). Treatment of 40 with excess thionyl chloride
converted the acid to its corresponding acid chloride 41, which was reacted with
ethylenediamine (42) to yield compound 43.
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Figure 1.21: a) Synthesis of catechol-derivatized divalent receptors 44
b) Synthesis of catechol-derivatized divalent receptor 46

The methoxy groups were then deprotected employing a procedure reported in the
literature40 using boron tribromide to produce 44. Due to the electron withdrawing nature
of the amide functional group, there was concern that the acidity of the hydroxyl groups
would be affected, which could decrease the binding affinity of 44 towards a boronic
acid. Hence, divalent catechol derivative 46 was also synthesized starting form
commercially available compound 3,4-dihydroxyphenylacetic acid (45).
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4. Binding studies:
The fluorescence titrations of donor/acceptor fluorophore tagged boronic
acid receptors 1b and 1c were conducted with various diol containing target
molecules or guests ranging from mannose derivatized molecules 36, and 39 to
catechol based diol guest molecules 44 and 46.
As a proof of principle, two different kinds of saccharide-based guests
were synthesized consisting of two mannose sugar molecules attached through
flexible tetraethylene glycol and more rigid aromatic linkers to synthesize
compounds 36 and 39, respectively. The variation in flexibility and rigidity of the
linkers was used to test for differences in recognition by FRET-tagged boronic
acids due to discrepancies in sugar proximity.
Factors that influence the binding between boronic acids and various diols
form the basis for employing and varying the conditions used for the titration
using fluorimeter. Such factors include solution pH, the nature and concentration
of the buffer, the pKa of the boronic acid, the pKa of the boronic ester and the
temperature. It is well known that pKa values of boronic esters are generally
lower than those of the boronic acids. Hence, different diols have different
affinities for a given boronic acid.
In order to enhance the affinities of boronic acid receptors towards the diol
moieties, attention was paid towards maintaining the pH of the solution near
neutral or higher as it is reported in literature.17 This increase in pH enhances
the binding affinities of these molecules. In an effort to determine the best
conditions to use for the study, we have also examined the buffer effects on the
30

binding affinities. We tested three different buffer systems, HEPES (pH-7.4), PBS
buffer (pH-8.25) and carbonate/bicarbonate buffer (pH-9.4). During initial studies,
the most promising results were obtained using the HEPES buffer near neutral
pH and hence this was employed for most of the binding titrations conducted.
In order to conduct FRET studies, solutions of boronic acid donor and
accepter molecules were prepared by dissolving the molecules in 25% HEPES
buffer/methanol. Titrations were conducted using a fluorimeter in order to
observe any significant changes in fluorescence intensities of the NBD donor and
rhodamine acceptor signals. It was expected that a gradual decrease in NBD
emmision intensity and an increase in the emission intensity of the acceptor
rhodamine molecules would be observed upon incubation with divalent guests.
Initially, mannose containing diol target molecule (36, 39) solutions
prepared in HEPES buffer (5mM) at pH 7.4 were titrated against donor/acceptor
solutions (25µM), which resulted in no significant change in the absorption
intensities of both the fluorophores. The plausible explanation for the results
obtained initially, were attributed to the higher concentration of donor/acceptor
solution than the guests, which accounts for lesser probability of donor and
acceptor binding to the same molecule. As a consequence, we changed the
concentrations and also the addition volumes in order to cover a range of
concentrations starting lower than the guests and reaching almost double the
concentration of the latter. Also, as reported in literature41 the binding affinities
are affected in presence of water molecules, therefore we tried titrations in pure
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organic solvents for guest molecules 36 and 39, resulting in no significant
change.
Based on the reported binding constants18 of mannose sugar (13 Keq[M-1])
and catechol (830 Keq[M-1]) with boronic acid, we decided to design and
synthesize the catechol based diol moieties 44 and 46. FRET studies conducted
using catechol derivative 44 under the same conditions and concentrations
resulted in a small but significant change in fluorescence signals of both the
fluorophores.
There was further need for optimizing the conditions in order to observe
significant changes in fluorescence studies. Another factor that could be
responsible for decreasing the binding affinities of catechol diol 44 towards
boronic acids could be the electron withdrawing group at the meta and para
positions to the diols participating in cyclic ester formation with boronic acids. The
electron withdrawing carbonyl group is a meta director group, and therefore
would tend to decrease the acidity of the hydroxyl group at the meta position
resulting in poor binding affinities. Consequently, compound 46 was synthesized
and further titrations were conducted. These sets of titrations resulted in
significant changes in fluorophore intensities, which could be observed in the
plots (Figure 1.22). Figure 1.22a exhibits the FRET signal, which depicts that
there is a decrease in donor fluorescence intensity on increasing the
concentrations of the guest molecule 46, and a slight increase in acceptor
fluorescence intensity as well.
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Figure 1.22: FRET-based fluorescence studies
a) FRET donor-acceptor signal
b) Decrease in fluorescence signal of NBD
c) Slight increase in fluorescence signal of rhodamine
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Although the expected result would be to observe strong FRET signal
leading to decrease in fluorescence intensity of the donor molecule and a
significant increase in the fluorescence intensity of acceptor molecule. For this
reason, there is a need for optimization of the conditions so that considerable
changes in donor and the acceptor emission can be observed to prove the
principle that boronic acids bind to the diol moieties in near vicinities. The tandem
problems leading to low binding affinities can be due to several plausible
reasons. For example, the pH of the solution plays an important role as was
explained earlier or changes in the pKa of the boronic acid may have lead to poor
binding affinities. The factors include concentrations of host and guest molecules
which, would play a major role in altering the binding eqilibrium, hence, varying
the concentrations of both systems may provide significant changes in signals.
The role of water cannot be undermined in decreasing the binding affinities due
to competing water molecules with the diol guest molecules to bind the boronic
acids, which can be improved upon using systems with higher percentages of
organic solvents. Another factor that may be beneficial in enhancing the affinities
would be the design and synthesis of better diol containing guest molecules for
titrations.
The main aim is to optimize the conditions for the titrations to observe
significant FRET signal so that this principle can be employed in detecting the
carbohydrate clustering on the cell surface regions. Dense regions of glycans are
hot spots for docking various proteins in order to recognize and decipher various
carbohydrate-protein interaction involved in biochemical processes.
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Experimental
Binding studies
Fluorimeter titrations: all solutions were buffered with pH 7.4 with HEPES
buffer (5 mM) in methanol. A solution of boronic acid donor and acceptor 1:1
(12.5 µM) each was prepared in the cuvette, and a stock solution of catechol
guest 46 (100 mM) and boronic acid donor/acceptor 1:1 (12.5 µM) buffered with
pH 7.4 with HEPES buffer (5 mM) was titrated into the solution in cuvette. Data
was recorded at 480 nm wavelength for excitation of NBD fluorophore in order to
conduct the FRET studies. The solution containing the diol guest was titrated via
small additions gradually increasing the concentrations of the guest target
molecule to cover the range of [diol]/[D/A] from 0.08–2.4 in order to observe the
effect of varying concentrations on the binding affinities.
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tert-butyl 4-(aminomethyl)benzylcarbamate (3)

NHBoc

NH2
3

p-Xylylene diamine (3, 1 g, 7.34 mmol) was dissolved in dichloromethane
(80mL). triethylamine (1 mL, 7.34 mmol) was added, and the solution was stirred
for 15 minutes. The reaction was then dropped to 0 °C, and a solution of di-tertbutyl bicarbonate (320 mg, 1.468 mmol) in dichloromethane (30 ml) was slowly
added. The reaction mixture was then allowed to stir at rt overnight. The reaction
was next extracted with 10% sodium bicarbonate (NaHCO3) and then washed
with dichloromethane (2x30). The organic solvent layers were combined and
dried with anhydrous magnesium sulfate, filtered, and the solvent was removed
under reduced pressure. Column chromatography with silica gel and a gradient
solvent system of 5-25% ammonia saturated methanol/dichloromethane afforded
2 as white solid (275 mg, 80%).

1

H NMR (300 MHz, CD3OD) δ 7.50-7.05 (m, 1H), 4.19 (s, 2H), 3.73 (s, 2H), 1.45

(s, 9H) ppm ; HRMS [M+ H]+ calcd: 237.1603, found: 237.1666

36

2-((4-((tert-butoxycarbonylamino)methyl)benzylamino)
methyl)phenylboronic acid (11)

tert-butyl 4-(aminomethyl)benzylcarbamate (11, 276 mg, 1.167 mmol) was
dissolved in anhydrous methanol (10 mL). Triethylamine (325 µL, 2.334 mmol)
was then added followed by addition of 2-formyl phenyl boronic acid (175 mg,
1.167 mmol). The reaction mixture was then refluxed at 40 °c overnight, followed
by addition of sodium borohydride (115 mg, 3.03 mmol) and further stirring for
for another 12 hrs. Molecular sieves were next added to the reaction mixture.
The solvent was removed under reduced pressure. Reverse phase column
chromatography with silica gel and a gradient solvent system of 100% water to
40% methanol/water afforded product 13 as white solid (342 mg, 79%).

1

H NMR (300 MHz, CD3OD) δ 7.52-7.37 (m, 3H), 7.33 (d, J = 8.04 Hz, 2H),

7.22-7.14 (m, 2H), 7.10-7.02 (m, 1H), 4.24 (s, 2H), 3.97 (s, 2H), 3.86 (s, 2H),
1.46 (s, 9H)ppm ; MALDI–HRMS [M-H2O+208]+ calcd:560.2064, found:
560.2940
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(4-((2-boronobenzylamino)methyl)phenyl)methyl ammonium chloride (12)

2-((4-((tert-butoxycarbonylamino)methyl)benzylamino)methyl)phenylboronic acid
(11, 35 mg , 0.0945 mmol) was dissolved in 1:1 mixture of trifluoroacetic (4 mL)
and acid and dichloromethane (4 mL), and the . The reaction was stirred for 4
hrs. The solvent was then removed under reduced pressure. The resulting
trifluoroacetateacetate salt of the corresponding amine was subjected to ion
exchange using Ion exchange column (TMA-Si) from silicycle to obtain the
chloride salt of the amine. Next, followed by reverse phase column
chromatography over C18 silica gel cartridge purchased from Silicycle using a
gradient solvent system of 100% water to 40% methanol/water was employed to
obtain the compound as a white solid (24 mg, 83%).

1

H NMR (300 MHz, CD3OD) δ 7.73 (s, 1H), 7.59 (d, J = 1.69 Hz, 4H), 7.45 (s,

3H), 4.30 (s, 4H), 4.17 (s, 2H) ppm: MALDI-HRMS [M-H2O+208]+ calcd:
460.1530, found: 460.0931
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2-((4-((7-nitrobenzo[O][1,2,5]oxadiazol-4-ylamino)methyl)benzylamino)
methyl)phenylboronic acid -1c

(4-((2-boronobenzylamino)methyl)phenyl)methyl ammonium chloride (13 mg,
0.065 mmol) was dissolved in N,N’–dimethylformamide (2 mL) followed by
addition of nitrobenzoxa-diazole (NBD) chloride (24 mg, 0.078 mmol) and
triethylamine (45 µL, 0.325 mmol). The reaction was then stirred overnight.
Reverse phase chromatography with C18 silica gel and a gradient elution from
100% water to 50% methanol/water yielded the product 1c as yellow fluorescent
solid (9mg, 32%)

1

H NMR (300 MHz, CD3OD) δ 8.46 (dd, J = 8.80, 1.05 Hz, 1H), 7.48 (d, J = 1.02

Hz, 5H), 7.20-7.14 (m, 1H), 7.09-7.03 (m, 1H), 6.34-6.26 (m, 2H), 4.79 (s, 1H),
3.98 (s, 2H), 3.86 (s, 2H) ppm; MALDI-HRMS [M-H2O+208]+ calcd: 623.3151,
found: 623.1451
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5-(N-(4-((2-boronobenzylamino)methyl)benzyl)sulphomyl)-2-(6(diethylamino)-3-(diethylamino)-3H-xanthen-9-yl)benzenesulphonate (1b)

(4-((2-boronobenzylamino)methyl)phenyl)methyl ammonium chloride (23 mg,
0.767 mmol) was dissolved in N,N’-dimethylformamide (DMF, 2 mL) followed the
addition of triethylamine (21 µL, 0.1470 mmol) and lissamine rhodamine
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sulfonyl chloride (31 mg, 0.0537 mmol) to the reaction mixture. The reaction
mixture was then stirred overnight. Reverse phase chromatography with C18
silica gel and a gradient elution from 100% water to 60% methanol/water yield
the product 1b as a purple fluorescent solid (11 mg, 25%)

1

H NMR (300 MHz, CD3OD) δ 8.59 (d, J = 1.75 Hz, 1H), 8.02 (dd, J = 8.03, 1.92

Hz, 2H), 7.46-7.33 (m, 4H), 7.21-6.85 (m, 5H), 4.29 (s, 2H), 3.94 (s, 2H), 3.66
(dd, J = 14.10, 6.70 Hz, 8H), 1.29 (t, J = 7.03, 7.03 Hz, 12H)ppm; MALDI-HRMS
[M-H2O+208]+ calcd: 1002.3085, found: 1001.4161
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tert-butyl 4-((4-(pyren-1-yl)butanamido)methyl)benzylcarbamate (5)

tert-butyl 4-(aminomethyl)benzylcarbamate (180 mg,0.780mmol) and pyrene
butyric acid (150 mg, 0.520 mmol), 4-dimethylaminopyridine (DMAP, 64 mg,
0.520 mmol), and N-Methylmorpholine (NMM, 114 µL, 1.040 mmol), were
dissolved in anhydrous N,N’-Dimethylformamide (DMF, 20 mL), the solution was
cooled to 0 °C and stirred for 5 min. 1-Ethyl-(3-dimethylaminopropyl)
carbodiimide hydrochloride rt overnight. Next, the solvent was removed under
reduced pressure and the crude mixture was extracted from water with
dichloromethane (3x30 mL). Column chromatography over silica gel with gradient
dilution from 100% hexanes to 50% ethyl acetate/hexanes yielded the product 4
as white solid (264 mg, 82%)

1

H NMR (300 MHz, CD3OD) δ 8.55-7.50 (m, 9H), 4.40 (d, J = 5.69 Hz, 2H), 4.27

(d, J = 5.97 Hz, 2H), 3.40 (t, J = 7.19, 7.19 Hz, 1H), 2.38-2.11 (m, 1H), 1.44 (s,
9H) ppm; HRMS [M]+ calcd: 506.2569, found: 506.3271
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N-(4-(aminomethyl)benzyl)-4-(pyren-1-yl)butanamide (6)

tert-butyl 4-((4-(pyren-1-yl)butanamido)methyl)benzylcarbamate (100 mg, 0.197
mmol) was dissolved in 50% mixture of solvent system Trifluoroacetic acid (4
mL) and dichloromethane(4 mL). The reaction was stirred for 4hrs. Followed by
removal of solvent under reduced pressure. The reaction was extracted with 1M
sodium hydroxide and chloroform to yield free base amine 5 (39mg, 49%).

1

H NMR (300 MHz, CD3OD) δ 8.62-7.56 (m, 9H), 4.40 (d, J = 5.63 Hz, 2H), 3.81

(s, 2H), 3.55-3.20 (m, 2H), 2.46-2.02 (m, 1H) ppm: HRMS [M+H] + calcd:
407.2118, found: 407.2052
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2-((4-((4-(pyren-1-yl)butanamide)methyl)benzylamino)methyl)phenylboronic
acid (1a)

2-Formyl boronic acid (34 mg, 0.229 mmol) was dissolved in anhydrous
methanol (6 mL). N-(4-(aminomethyl)benzyl)-4-(pyren-1-yl) butanamide (84 mg,
0.206 mmol) was added drop wise to the reaction mixture at room temperature.
The reaction was then stirred for 30minutes followed by addition of
sodiumcyanoborohydride (43 mg, 0.687 mmol). The reaction was stirred for 48
hrs. Molecular sieves were added to absorb the moisture. The solvent was
removed under reduced pressure. The compound was then purified by column
chromatography over silica gel with gradient elution from 5-25% ammonia
saturated methanol/dichloromethane to obtain compound 1a (124 mg, 22%)

1

H NMR (300 MHz, CD3OD) δ 8.62-7.66 (m, 9H), 7.60-7.22 (m, 5H), 7.30-6.99

(m, 2H), 6.86 (d, J = 15.40 Hz, 1H), 4.41 (s, 2H), 3.92 (s, 2H), 3.75 (s, 2H), 2.42
(d, J = 14.29 Hz, 2H), 2.34-2.02 (m, 4H) ppm : MALDI-HRMS [M-H2O+208]+
calcd:730.2478, found: 730.1610
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Carbohydrate-based/catechol derivatized guests:

1-azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethane (33)

Tetraethylene glycol (32, 1 ml, 5.76 mmol) was dissolved in ether (25 mL),
followed by addition of triethylamine (8 ml, 0.057 mmol). The reaction was then
stirred at 0 °C for 15 minutes, followed by the slow addition of solution of a
methanesulfonyl chloride (1.958 ml, 0.025 mmol) in ether (15 mL) via an addition
funnel over the period of 35 minutes. The reaction was next stirred for 90 minutes
until a white precipitates started appearing. The solvent was removed under
reduced pressure followed by addition of ethanol (25 mL) and sodium azide (2.24
mg, 0.034 mmol), after which the reaction was refluxed at 80°C overnight.
The solvent was removed under reduced pressure and reaction was extracted
with dichloromethane (2x50 mL) from water (30mL). The organic layer was
collected, dried over magnesium sulfate, filtered, and rotovaped to obtain the
product as a yellow liquid 33 (97.4 mg, 36%)

1

HNMR (300Mz, CDCl3) δ 3.67(s, 12H), 3.384 (t, 4H); HRMS [M-N2+H] + calcd:

217.1296, found:217.1230

44

Acetylated TEG-linked divalent guest (36a)

The 1-azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethane (12.6 mg, 0.0517 mmol) and
(2R,3R,4S,6S)-2-(acetoxymethyl)-6-(prop-2-ynyloxy)tetrahydro-2H-pyran-3,4,5triyl triacetate (40 mg, 0.104 mmol) (synthesized by Irene Abia, Baker group)
were dissolved in tetrahydrofuran (4 mL).The copper sulfate (31 mg, 0.1240
mmol) and sodium ascorbate (49 mg, 0.248 mmol) in deionized water (1 mL) was
then made and added to the tetrahydrofuran solution, and the reaction mixture
was stirred at rt overnight. During this time, the solution color changes from blue
to green. The solvent was next removed under reduced pressure, and the
resulting crude was dissolved in methanol and filtered to remove inorganic salts.
The methanol was then rotovaped, and the compound was purified by column
chromatography

over

silica

using

gradient

elution

from

5-30%

methanol/dichloromethane to obtain the product as a white powder (33 mg, 63%)

1

H NMR (300 MHz, CD3OD) δ 8.09 (s, 2H), 5.29-5.17 (m, 1H), 4.59 (d, J = 9.65

Hz, 1H), 4.49 (s, 1H), 4.42-4.33 (m, 1H), 4.30-4.18 (m, 1H), 4.16-4.00 (m, 1H),
3.89 (d, J = 12.96 Hz, 1H), 3.62-3.46 (m, 1H), 3.32-3.28 (m, 1H), 2.12 (s, 1H),
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2.07 (s, 1H), 2.02 (s, 1H), 1.93 (s, 1H) ppm; MALDI-HRMS [M+Na]+ calcd:
1039.3608, found: 1039.6560

TEG- linked divalent guest (36b)

Compound (15mg, 0.0012mmol) was dissolved in anhydrous methanol (5 mL)
followed by addition of sodium methoxide (0.05 mL) and the reaction was stirred
overnight. The reaction was treated with DOWEX H+ (50wx8-200) resin until the
pH=5, and .the resin was removed by filtration. The solvent was next removed
under reduced pressure to obtain product 36b (12 mg, 120%)

1

H NMR (300 MHz, CD3OD) δ
28H) ppm

8.05 (s, 2H), 4.69-4.48 (m, 6H), 4.03-3.39 (m,
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N1, N3-bis (6-azidohexyl)isophthalamide (38)

Isophthaloyl dichloride (62.9 mg, 0.314 mmol) was dissolved in anhydrous
dichloromethane (15 mL) followed by addition of triethylamine (88 µl, 0.633
mmol) to the reaction mixture. 6-Azidohexan-1-amine (90 mg, 0.633 mmol)
synthesized by Chi-Linh Do-Thanh in our group, was added to the reaction
mixture, which was then stirred overnight. The solvent was removed under
reduced pressure and compound was purified under reduced pressure by
column chromatography over silica gel with gradient dilution from 10-75% ethyl
acetate/dichloromethane to obtain product 38 (69 mg, 53%)

1

H NMR (300 MHz, CD3OD) δ 8.26 (t, J = 1.61, 1.61 Hz, 1H), 7.96 (d, J = 1.80

Hz, 1H), 7.93 (d, J = 1.80 Hz, 1H), 7.54 (t, J = 7.87, 7.87 Hz, 1H), 3.38 (t, J =
7.12, 7.12 Hz, 4H), 3.27 (t, J = 6.84, 6.84 Hz, 4H), 1.76-1.49 (m, 8H), 1.49-1.31
(m, 8H) ppm; HRMS [M-N2+H]+ calcd: 387.2504, found: 387.1864

47

Compound 39a

N1,N3-bis(6-azidohexyl)isophthalamide (38, 22 mg, 0.0517 mmoles) and
(2R,3R,4S,6S)-2-(acetoxymethyl)-6-(prop-2-ynyloxy)tetrahydro-2H-pyran-3,4,5triyl triacetate (40 mg, 0.104 mmoles) were dissolved in tetrahydrofuran (THF). A
solution of copper sulfate (31 mg, 1.24 mmoles) and sodium ascorbate ( 49 mg,
0.248 mmol) was then formed in deionized water. The water solution was added
to the THF solution .the reaction mixture was stirred overnight, during which time
the reaction color changes from blue to green. The solvent was removed under
reduced pressure followed by purification of the compound using column
chromatography over silica gel with gradient elution from 50-75% ethyl
acetate/hexanes

followed

by

gradient

elution

from

10-20%

methanol/dichloromethane to obtain the compound (69 mg, 111%).

1

H NMR (300 MHz, CD3OD) δ 8.47 (s, 1H), 8.21 (s, 1H), 8.02 (s, 2H), 7.91 (dd, J

= 7.78, 1.71 Hz, 2H), 7.51 (t, J = 7.78 Hz, 1H), 5.20 (t, J = 10.21 Hz, 4H), 4.92 (s,
2H), 4.78 (d, J = 12.33 Hz, 1H), 4.66 (d, J = 12.33 Hz, 1H), 4.39 (t, J = 7.09 Hz,
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4H), 4.21 (dd, J = 12.59, 4.65 Hz, 2H), 4.08-3.99 (m, 4H), 3.37-3.25 (m, 8H), 2.08
(s, 6H), 2.03 (s, 6H), 1.98 (s, 6H), 1.94-1.87 (m, 10H), 1.64-1.53 (m, 4H), 1.451.30 (m, 8H) ppm.

N1,N3-bis(6-(4-(((3S,4S,5S,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro2H-pyran-2-yloxy)methyl)-1H-1,2,3-triazol-1-yl)hexyl)isophalamide (39b)

Compound 39a (15 mg, 0.0126 mmol) was dissolved in anhydrous methanol
(5mL) followed by the addition of sodium methoxide (0.05 mL), and the reaction
was then stirred overnight. The reaction was next treated with DOWEX H+ (50w
x 8–200) resin until the pH = 5. The resin was next removed by filtration. The
solvent was removed under reduced pressure to obtain the product 39b (17.8
mg, >100%)
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1

H NMR (300 MHz, CD3OD) δ 8.55 (s, 1H), 8.25 (s, 1H), 8.02 (s, 2H), 7.94 (dd, J

= 7.89, 1.35 Hz, 2H), 7.55 (t, J = 7.77 Hz, 1H), 4.78 (d, J = 12.36 Hz, 1H), 4.63
(d, J = 12.36 Hz, 1H), 4.41 (t, J = 6.92 Hz, 4H), 3.88-3.51 (m, 16H), 3.37 (t, J =
6.47 Hz, 4H), 1.98-1.88 (m, 4H), 1.68-1.57 (m, 4H), 1.48-1.33 (m, 8H) ppm.

N,N’-(ethane-1,2-diyl)bis(3,4-dimethoxybenzamide) (43)

3,4-Dimethoxybenzoic acid (500 mg, 2.74 mmol) was dissolved in anhydrous
dichloromethane (30 mL) followed by addition of excess of thionyl chloride (10
mL) . The reaction mixture was then stirred for 6–7 hours. The solvent and
thionyl chloride were removed under pressure followed by dissolving the residue
in anhydrous dichloromethane (30 mL). Triethylamine (1.9 mL, 13.72 mmol) and
ethylenediamine ( 1 mL,13.72 mmol) were added to the reaction mixture, which
then stirred overnight. The reaction was extracted with dichloromethane (2x 50
mL) from water (30 mL). The product was then crystallized from methanol to
obtain yellowish white solid 44 (58 mg)

1

H NMR (300 MHz, CD3OD) δ ppm 8.03 (s, 1H), 7.39-7.29 (m, 4H), 7.26 (d, J =

0.63 Hz, 1H), 6.80 (d, J = 8.64 Hz, 1H), 3.82 (d, J = 3.66 Hz, 12H), 3.55-3.45 (m,
4H); HRMS [M+H] + calcd: 389.1707, found, 389.2154
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N,N’-ethane-1,2-diyl)bis(2-(3,4-dihydroxyphenyl)acetamide (44)

The compound N,N’-bis(3,4-dimethoxybenzamide) (22 mg, 0.0567 mmol) was
dissolved in dichloromethane and boron tribromide (BBr3,160 µL,1.70 mmol) was
added to the solution. The reaction mixture was stirred at rt overnight. Water was
added slowly to quench the reaction, and the solvent was removed under
reduced pressure. Column chromatography with silica gel and gradient elution
from 10-40% methanol/dichloromethane yielded the product 47 (6.3 mg, 34%)

1

H NMR (400 MHz, CD3OD) δ 7.31 (d, J = 2.15 Hz, 1H), 7.25 (d, J = 2.17 Hz,

1H), 7.23 (d, J = 2.18 Hz, 1H), 6.84 (s, 1H), 6.82 (s, 1H), 3.59 (s, 1H) ppm;
HRMS [M+H] + calcd: 333.1081, found, 333.1421
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N,N’-ethane-1,2-diyl)bis(2-(3,4-dihydroxyphenyl)acetamide (46)

3,4-Dihydroxyphenylacetic acid (100 mg, 0.594 mmol), ethylenediamine (15µL,
0.237 mmol), 4-dimethylaminopyridine (DMAP, 58 mg, 0.474 mmol), and Nmethylmorpholine (NMM, 104 µL, 0.948 mmol) were dissolved in anhydrous N,Ndimethylformamide (DMF, 20 mL). The solution was cooled to 0°C and stirred for
5 min. 1-Ethyl-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, 109
mg, 0.568 mmol) was added and the reaction was stirred at rt overnight. Next,
the solvent was removed under reduced pressure and column chromatography
over silica gel with gradient elution of 10–30% methanol/dichloromethane yielded
compound 46 (31 mg, 36%)

1

H NMR (300 MHz, CD3OD) δ 6.73-6.66 (m, 4H), 6.57 (s, J = 1.96 Hz, 1H), 6.54

(d, J = 2.01 Hz, 1H), 3.34 (s, 2H), 3.29 (s, 1H), 3.25 (s, 1H)
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Chapter 2
Design and Synthesis of Azide-Labeled Diacylglycerol Analogs

Background and significance
Cellular membranes consist of a wide variety of biological molecules,
primarily proteins and lipids, which are involved in a range of cellular processes,
such as cell adhesion, ion channel conductance, and cell signaling. Lipids, the
primary main component in cellular membranes, are composed of a hydrophilic
head group and hydrophobic acyl chains. Lipids can be divided into two main
classes, bulk lipids and signaling lipids.42 Bulk lipids such as phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and phosphatidylglycerol (PG) constitute
the major component of the membrane, and primarily act as the structural
backbone of the bilayer. Signaling lipids such as diacylglycerol (DAG),43-44
phosphatidic acid (PA),45 and the phosphoinositides (PIPns),46 constitute a much
smaller percentage of the lipid compositions. Signaling lipids play important roles
in cellular events, such as the docking of peripheral proteins on the membrane
through specific interactions, thereby regulating receptor protein function. Due to
the correlation of these protein–lipid binding with the onset of various
pathophysiological events, it is therefore of paramount importance to elucidate
the details of these interactions at the molecular level.
An important class of lipid-binding proteins is the protein kinase C
(PKC) family. Protein kinase C (PKCs) comprise a family of serine/threonine
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kinases that is involved in a variety of cellular processes.47 PKCs are known to
be involved in tumorigenesis and also their various isoenzymes have been
known to play overlapping and opposing roles in cell cycle processes such as
proliferation,48 differentiation, and apoptosis.49 Members of the PKC family are
described as the main responsive receptors of the important signaling lipid
diacylglycerol (DAG).43
Diacylglycerol (DAG), which has unique functions as a key element in
lipid-mediated signaling,43 consists of a glycerol core linked via ester bonds to
two fatty acids in the sn-1 and sn-2 positions, and possesses a primary hydroxyl
at the sn-3 position. In eukaryotes, for example, impaired DAG generation and/or
consumption has severe effects on organ development and cell growth
associated with the diseases such as cancer,48,50 diabetes,51 immune system
disorders and Alzheimer’s disease.43
All PKCs contain amino-terminal regulatory domains and a carboxylterminal catalytic domain. PKCs, based upon structural differences in the
regulatory domains, are subdivided into three classes;52-54 “conventional” PKCs
(cPKCs) which includes PKC α, βI, βII, and γ; “novel” PKC (nPKCs), a group that
includes PKCδ, ε, η, θ; and atypical PKC (aPKCs), which includes PKCζ, and
PKCλ/ι. This classification is based on the biochemical properties of the different
isoenzymes; while both cPKCs and nPKCs are sensitive to DAG and phorbol
esters, only cPKCs are activated by calcium; aPKCs are insensitive to DAG and
calcium. Conventional and novel PKCs have two types of lipid binding domains,
a tandem repeat of C1 domains (C1A and C1B) and a C2 domain, in the
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regulatory domains. The C1 domain55 (~50 residues) is a cysteine-rich module
that contains five short β strands, a short helix, and two zinc ions, and was
identified as the interaction site for sn-1,2-diacylglycerol (DAG). DAG mimetics
such as phorbol esters are critical for governing association to the membranes.
The C2 domain56 (~130 residues) is an eight-stranded β sandwich unit that
typically binds a phospholipid and is involved in Ca2+ -dependent membrane
binding for conventional isoforms.
PKCs, even those in the same subdivision, display variation in lipid
specificities and affinities, which leads to complex variation in binding. For
example, the isolated C1B domain of PKCθ44 (nPKC), which has been reported
to play a key role in T-lymphocyte activation, shows much higher affinity for DAGcontaining membranes than the C1A domain. Also, different subgroups of nPKC
bind DAG with different domains. For example, PKCε binds DAG with both C1
domains while PKCδ, on the other hand, binds DAG with only the C1A domain.
Amongst cPKCs, PKCγ57 binds DAG with both C1 domains and PKCα tend to
bind DAG with the C1A domain only. The C2 domain of each isoenzyme can also
bind different lipids, as the C2 domain of PKCα binds phosphatidylserine (PS) as
opposed to the C2 domain of PKCε, which selectively binds phosphatidic acid
(PA).
Regulation of protein function in biological pathways is affected by these
subtle differences in lipid binding amongst different isoenzymes of the PKC
family. Furthermore, it is important to elucidate the exact correlation between
PKC activity and carcinogenesis, which remains unknown, primarily due to
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complications in deciphering the specific activities of different isoenzymes. As a
result, characterization of these binding events becomes essential in order to
understand the role played by various isoenzymes in the PKC family. Therefore,
the synthesis of DAG-based probes that will allow the investigation of association
at the molecular level in order to detect and monitor these binding events is vital.
Hence, the design and synthesis of lipid probes based on DAG will comprise an
important step towards understanding the role of DAG as a second messenger
and as an important intermediate in lipid metabolism.
There have been previous reports on the design and synthesis of DAGbased analogs, which were employed for binding affinity studies for various PKC
isoforms. For example, Stahelin et al.58 studied the affinity of PKCε for soluble
DAG and phorbol analogs. In their studies, they employed short-chain DAG and
short-chain phorbol esters to determine that PKCε’s C1A domain has a stronger
affinity for DAG, while the C1B has a higher affinity for the phorbol esters.
Another study conducted by Ananthanarayannan et al.57 showed that a short-tail
DAG analog had a high affinity for the C1A domain of PKCα and showed no
considerable affinity for the C1B domain of PKCα. As a conclusion from both the
studies, it was indicated that the protein does bind individual lipids outside of a
membrane environment, therefore, implying that individual lipid analogs can be
employed for binding studies without the requirement of the membrane.
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Modular design of lipid analogs
Synthetic lipid probes have previously proven effective for scrutinizing
binding events. A probe is an analog of a natural compound that is tagged with a
reporter moiety that can be exploited to provide details regarding biological
activity. While designing a probe, several factors must be considered. First, a
lipid probe must be designed in such a manner that it mimics the natural lipid,
and thus the receptor still recognizes it as a ligand. For this reason, the optimal
location for the placement of the reporter moiety must be determined, in order to
retain the biological properties of the natural lipid.
The use of fluorophore tags as reporter molecules has been adopted as a
popular strategy among the previously reported lipid probes. For example,
Schultz and co-workers have developed a PA probe with an alkyne as an inert
handle in the lipid tails.59 The lipid was incorporated into living cells, followed by
attachment of a fluorophore via “click chemistry”, and then distribution of the lipid
probe within the cellular membrane was monitored. Swanson and coworkers60
have also developed Forster resonance energy transfer (FRET) labeled probes
in order to detect and monitor the multivalent binding of cholera toxin to the
gangliosode GM1.
The strategy adopted by our group for lipid probe design employs the
synthesis of modular lipid scaffolds containing a reactive tag, such as an azide,
that allows late-stage derivatization in order to generate a range of fluorophore
tagged lipid analogs for various binding studies. The main aim of introducing an
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azide as a reactive tag was to enable incorporation of reporter moieties at
various locations, such as the lipid sn-1 acyl chains and head groups. This allows
for the introduction of reporter groups in the last step of the synthesis. The
reactive tag, the azide, can be functionalized to append various reporter moieties
such as fluorophores via the Staudinger ligation and 1,3-dipolar cycloaddition
reactions (Figure 2.1). These two recently introduced reactions have found
application in the synthesis of bioconjugates in chemical biology. In both of these
reactions, the use of the azide moiety as a reactive functional group has various
advantages. First, the azide is bio-orthogonal in that it is not present and does
not react with functionalities that exist in biological systems. Another advantage
of the azide group is its size; it is small and can be introduced into an analog of a
biologically active compound

Figure 2.1: Various chemical reactions for modification of azides to incorporate
reporter groups
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Figure 2.2: Azide-tagged lipid probes

without significantly altering their molecular size.
In the development of this modular probe strategy, it was decided to
incorporate reporters at different locations, which could produce probes that are
useful for different studies (Figure 2.2). Synthetic routes to incorporate reporter
moieties at the head group using an azide tag have previously been reported by
our group. A class of DAG-based probes was synthesized by incorporating the
reporter moiety at the head group position. Several binding studies with PKCs
were conducted.61 In this thesis, we discuss the extension of this approach by
incorporating reporters into the lipid acyl chains. When incorporating reporter
moieties into the lipid tail, groups must be adequately non-polar to remain
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embedded within the hydrophobic core of the lipid bilayer. Keeping these issues
in mind, we have adopted a modular approach to the development of acyl chainlabeled DAG probes. This approach involves the synthesis of a DAG-based
common scaffold appended with an azide functional group, which can be
modified in the last step of synthesis to append various polyaromatic
fluorophores such as pyrene, anthracene, and naphthalene. Out of these, the
latter two operate as FRET pairs and pyrene forms the excimer with another
pyrene molecule that is in near vicinity. Förster resonance energy transfer
(FRET) has provided a useful tool in the study of important cellular events
including protein-lipid binding.
This technique utilizes pairs of fluorophores, a donor and an acceptor.
When the donor gets excited by a photon of the appropriate wavelength, an
energy transfer can occur to excite the acceptor fluorophore, which is in close
proximity, via overlap in fluorophore dipoles. Then, a photon is emitted by the
acceptor fluorophore. When FRET occurs, there will be a decrease in donor
intensity and an increase in acceptor fluorescence intensity. Hence, FRET has
been employed in order to study proximity changes of different species in a
cellular environment. The fluorophore tagged analogs can be introduced in the
liposomes along with bulk lipids. This approach will be beneficial in studying the
multivalency of DAG based lipid analogs inculcated in liposomes during
protein‒lipid binding studies (Figure 2.3).
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Figure 2.3: Diagrammatic representation for FRET analysis of multivalency

In order to append fluorophores as reporter moieties in the tails of the
DAG analogs, the traceless Staudinger ligation62-63 reaction was implemented. A
classical Staudinger ligation64 is a reaction between an azide and phosphine to
form an aza-ylide, followed by capture by a pendant electrophile. The broad utility
of the Staudinger ligation reaction in biological chemistry has prompted us to
explore this as a tool for modular lipid probe synthesis. Saxon and Bertozzi65
have reported the labeling of azide tagged glycoconjugates installed at the cell
surface metabolically with a biotinylated triarylphosphine to produce stable cellsurface adducts. This reaction, unlike the previously modified Staudinger ligation
by Saxon and Bertozzi (Figure 2.4), would produce an amide bond between two
coupling partners without an intervening triaryl phosphine oxide group; hence it is
termed the traceless Staudinger ligation (Figure 2.5). The Staudinger ligation has
been employed in various problems in chemical biology, including glycopeptide
synthesis, biomolecular labeling in vitro and in vivo and drug delivery.
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Figure 2.4: Modified Staudinger ligation

Figure 2.5: Mechanistic representation of traceless Staudinger ligation
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Bernardi and co-workers have synthesized α-glycosylamides from the O-benzylα-glycosyl

azides

using

the

traceless

Staudinger

ligation

with

diphenylphosphanyl-phenylesters.66-67 α-Glycosyl amides represent a class of
virtually unexplored nonhydrolyzable monosaccharide derivatives that may be
useful in developing potential sugar mimics.
Chemoselective ligation reactions are now established for diverse
applications in chemistry and biology. In the study of various biological systems,
there has always been a need for chemoselective ligation reactions, which
involve coupling of two mutually and uniquely reactive functional groups, usually
in an aqueous environment under physiological conditions. These reactive
functional groups should be selective for one another and must also tolerate a
diverse array of other functionalities, hence allowing for specific modification
within the complex environment of a living cell. As biological systems are rich in
diverse electrophilic and nucleophilic sites, only a few functional groups are
available that exhibit orthogonal reactivity to the functional groups present.
Therefore, the Staudinger ligation has found widespread application in chemical
biology for the preparation of bioconjugates, including in living cells. The
Staudinger ligation possesses certain advantages over the “click chemistry
reaction”, developed by Sharpless and co-workers,68 the [3+2] cycloaddition
between a azide and terminal alkyne. For example, the latter requires the
presence of a copper catalyst whereas the Staudinger ligation does not. The
Staudinger ligation instead exploits the direct reaction between an azide and a
phosphine.65 This reaction also avoids the
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Figure 2.6: Design of Phosphine reagents 59a-c for the traceless Staudinger
ligation

formation of a triazole moiety that results from the 1,3-dipolar cycloaddition,69-71
which is too polar for the hydrophobic membrane core.
The phosphines for this purpose must be designed in order to incorporate
two key elements. The current design of phosphine reagents that are effective for
the Staudinger ligation is shown in figure 2.6. First, the acyl component destined
for the amide bond is attached to an aryl ring by a cleavable linker. The
nucleophilic nitrogen atom of the aza-ylide attacks the carbonyl group, displacing
the cleavable linker and attached phosphonium group. Hydrolysis of the
rearranged adducts produces an amide bond and liberates a phosphine oxide.
Second, at least two aromatic phosphine substituents must be included to impart
stability toward oxidation under ambient conditions. Suitable phosphines were
designed to introduce various fluorophores at the sn-1 acyl chains of the DAGbased lipid probes.
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Modular approach to synthesize fluorophore tagged lipid
analogs
In the development of lipid probes, the complexities involved with the
synthesis of each distinct reporter-functionalized probe has imposed limitations
on the range of probes that can be developed and thus the scope of studies.
Hence, in order to bypass the problem, our approach focused on the
development of modular lipid analogs that can be conveniently functionalized in
the final step of synthesis in order to efficiently access a range of different
derivatized probe structures that can be employed for various binding studies
(Figure 2.7). In addition, diacylglycerol functions as a core precursor for the
synthesis of more complex lipids.
The development of biologically active analogs of signaling lipids,
especially DAG, is vital for probing protein-lipid interactions. One of the most
effective ways to achieve this goal involves employing a versatile reactive tag
within the lipid structure. Hence, azide tagged lipid analogs were synthesized in
order to develop effective probes of protein-lipid binding events. Compound 53
was targeted as a DAG scaffold, which contains a shortened sn-1 acyl chain
terminating in the azide tag. This was designed such that fuctionalization of the
tag with a reporter group, such as a fluorophore, yields incorporation of that
group into the lipid tail. The Staudinger ligation has been employed to incorporate
reporters into the lipid backbone to produce compounds 67a-c (Figure 2.7). This
approach to the structural modification provides an arsenal of probes appended
to various fluorophores that could be employed to pursue a wide range of
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Figure 2.7: Derivatization of DAG analog to incorporate fluorophores in sn-1 acyl
tails

studies. Herein, non-polar polyaromatic hydrocarbons are

also employed as

fluorophores due to presentation within the hydrophobic membrane.
The synthetic route to DAG analogs with an azide tag at the sn-1 acyl chain is
indicated in figure 2.8. The initial synthetic target for protein‒lipid binding studies
was DAG-based analog 53, which is useful both as a DAG probe and as a
precursor to analogs of phospholipids and other signaling lipids. The synthesis of
target azide-tagged DAG begins with commercially available (S)-(+)-2,2-dimethyl-
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Figure 2.8: Synthesis of azide-tagged DAG analog 53

1,3-dioxolane-4-methanol (47). In the first step, the alcohol is protected with a pmethoxybenzyl (PMB) group to access 48. Next, the acetonide group is
deprotected under acidic conditions to produce 49. To synthesize 10azidodecanoic acid (50), bromodecanoic acid was refluxed with sodium azide. A
coupling reaction was then performed to append the azido-terminal tail onto
compound 49 to generate 51. Even though there are two available hydroxyl
groups, compound 50 predominantly reacts using the primary alcohol. The
byproduct of coupling with the secondary alcohol is purified out by column
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chromatography. Next, compound 51 undergoes another DCC coupling reaction
with stearic acid to introduce the second lipid tail yielding 52. Oxidative removal
of the PMB protecting group affords diacylglycerol analogue 53.
In order to obtain various fluorophore tagged DAG analogs 67a-c,
corresponding phosphine reagents 59a-c were synthesized (Figure 2.9). First,
compound 56 was synthesized using a reported literature72 procedure from
commercially available diphenyl(2-methoxy)phenyl phosphine 54. Compound 55
was then coupled with the corresponding carboxylic acids i.e. pyrenebutyric acid
(56), anthracene-3-carboxylic acid (57) and naphthyl acetic acid 58 to yield the
corresponding phosphine compounds 59a-c by using standard coupling
conditions employing DCC and DMAP. Compounds 59a-c were then employed
for the Staudinger ligation by

refluxing the solution at 70 °C for

12 hours,

followed by solvent exchange from toluene to chloroform, and stirring the
reaction at room temperature overnight.
Due to initial problems faced in isolation and purification of the desired
product, a different strategy was employed to investigate the complexities
imposed by long acyl chains and the free hydroxyl group. When the Staudinger
ligation conditions
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Figure 2.9: Synthesis of Phosphine reagents 59a-c for traceless Staudinger
ligation

as shown in figure 2.7 were tried with azide-tagged compound 53, the TLC (thin
layer chromatography) showed numerous spots in 75% ethyl acetate/ hexanes.
Due to inability to identify and isolate the product out of the column, it was
decided to perform model reactions on a simplified system; compounds 64 and
65. Compound 64 lacks long acyl chains, which were hypothesized to be
problematic due to potential cleavage of the ester linkages present. In addition,
both 64 and 65 lack the free hydroxyl group of DAG, which was protected with
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the PMB to simplify the system. These model reactions were chosen to verify
that the Staudinger ligation conditions were effective for simplified systems.
Figure 2.10 depicts the synthesis of azide tagged compound 63, which was
generated from commercially available diethyl-l-tartarate (60) using a reported
procedure.73 Compound 63 was then made to undergo a Staudinger ligation
reaction to yield compound 64, which was purified and characterized. The mass
spec analysis and NMR shows the formation of the product 64. Compound 65,
which is more complex system than 64, was also employed to test the
Staudinger ligation reaction.

Figure 2.10: Application of Staudinger ligation to synthesize compound 64
using azide 63, which lacked the acyl chains and free hydroxyl group of DAG.
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This substrate was chosen in order to verify that the ester linkages survive the
Staudinger ligation reaction with phosphine reagent 59a. This reaction yielded
the desired product 66, which was purified and characterized. This showed that
the Staudinger ligation conditions could beemployed using compound 53
containing ester linkages in order to synthesize fluorophore-tagged DAG-based
probes.

Figure 2.11: Applying Staudinger ligation conditions on PMB protected DAG
analog 65.
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Therefore the Staudinger ligation conditions were again pursued for the synthesis
of 67a-c. These reactions were performed with phosphine reagents 59a-c in
order to obtain fluorophore tagged DAG analogs 67a-c. In the characterization of
products, mass spec analysis showed the presence of peaks with molecular
weights matching 67a-c. However, 1H NMR showed the formation of products of
acyl chain migration under the reaction conditions (Figure 2.12). Acyl migration is

Figure 2.12: Acyl migration under Staudinger ligation conditions providing with
a mixture of products
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a common problem in lipid probe synthesis. The plausible explanation for the
acyl migration is that the Staudinger ligation conditions are not mild enough to
avoid migration. Due to the steric crowding, the acyl chain at sn-2 position tends
to migrate to the sn-3 hydroxy group to yield compounds 68a-c, resulting in a
mixture of desired product 67a-c and migrated 68a-c products. Therefore, there
is a need to optimize the reaction conditions to avoid acyl migration when
appending fluorophores onto DAG scaffold 53.
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Experimental

(S)-4-((4-methoxybenzyloxy)methyl)-2,2-dimethyl-1,3-dioxolane (48)

Sodium hydride (0.256 g, 0.006 mol) was dissolved in 30 mL of N,Ndimethylformamide in a round bottom flask at 0 °C. (S)-(2,2-dimethyl-1,3dioxolan-4-yl)methanol (0.5 mL, 0.004 mol) dissolved in 10 mL DMF was added
to an addition funnel mounted onto the reaction flask. The solution dropped into
the reaction slowly over 30 minutes. The reaction was stirred at room
temperature for 10-20 minutes. The p-methoxybenzyl chloride (PMBCl, 813 µL,
0.006 mol) was then added to the solution keeping the reaction at 0 °C and
stirred at room temperature overnight. The reaction stirred overnight and was
quenched with 20 mL of water. The reaction was then extracted with
dichloromethane (2 X 50 mL) and water (30 mL) and then dried over magnesium
sulfate followed by filtration. The solvent was removed under reduced pressure.
The compound was purified by column chromatography over silica gel with
gradient elution of 10–30% ethyl acetate/hexanes to obtain product 47 as yellow
oil (0.6726 g, 66%).
NMR matches literature.73
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(R)-3-(4-methoxybenzyloxy)propane-1,2-diol (49)

(S)-4-((4-methoxybenzyloxy) methyl)-2,2-dimethyl-1,3-dioxalane (48, 1.5 g, 5.95
mmol) was dissolved in 1:1 mixture of 1M hydrochloric acid (HCl, 10 mL) and
tetrahydrofuran (THF, 10 mL) solvent system. The reaction was stirred at room
temperature overnight. The reaction was quenched with saturated sodium
bicarbonate (NaHCO3) followed by extraction with dichloromethane and water.
The product was then purified by column chromatography over silica gel with
gradient elution from 75% ethyl acetate/hexanes to 100% ethyl acetate to obtain
product 49 as yellow oil (1.174 g, 93%).
NMR matches literature.73
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10-azidodecanoic acid (50)

Bromodecanoic

acid

(500

mg,

1.99

mmol)

was

dissolved

in

N,N-

dimethylformamide (DMF, 15 mL). Sodium azide (259 mg, 3.98 mmol) was
added to the solution using a conical funnel. The reaction was immersed in an oil
bath and heated to 70 °C. The reaction stirred overnight at room temperature.
The solvent was removed under reduced pressure. The reaction was extracted
with dichloromethane (3 X 50 mL) and saturated ammonium chloride (50 mL).
The organic layers were combined and dried with magnesium sulfate, filtered and
rotovaped to yield product 50 as yellow oil (427 mg, 90%).

1

HNMR (300 MHz, CDCl3): δ 12.04 (s, 1H), 3.26 (t, J = 6.94 Hz, 2H), 2.35 (t, J =

7.48 Hz, 2H), 1.68-1.55 (m, 4H), 1.42-1.26 (m, 10H) ppm.
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(S)-2-hydroxy-3-(4-methoxybenzyloxy)propyl 10-azidodecanoate (51)
PMBO
OH

O
O

N3

(R)-3-(4-methoxybenzyloxy)propane-1,2-diol

(381

mg,

1.80

mmol),

azidodecanoic acid (345.4 mg, 1.62 mmol), N,N’-dicyclohexylcarbodiimide (DCC,
445 mg, 2.16 mmol) and 4-dimethylaminopyridine (DMAP, 110 mg, 0.9 mmol)
were suspended in 20 mL of dichloromethane in a round bottom flask. The
reaction stirred overnight at room temperature. Following solvent removal by
rotary evaporation, the product was dissolved in ethyl acetate and filtered. The
filtrate was rotovaped and the residue was then purified by column
chromatography over silica gel with gradient elution from 20%–40% ethyl
acetate/hexanes to obtain product as a yellow oil (414 mg, 56%).

1

H NMR (300 MHz, CDCl3) δ 7.25 (d, J = 8.66 Hz, 2H), 6.88 (d, J = 8.70 Hz, 2H),

4.48 (s, 2H), 4.20-4.08 (m, 2H), 4.05-3.97 (m, 1H), 3.80 (s, 3H), 3.56-3.42 (m,
2H), 3.25 (t, J = 6.93 Hz, 2H), 2.68-2.64 (m, 1H), 2.32 (t, J = 7.54 Hz, 2H), 1.651.54 (m, 4H), 1.41-1.24 (m, 10H) ppm.
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(S)-1-(10-azidodecanoyloxy)-3-(4-methoxybenzyloxy)propan-2-yl

stearate

(52)
PMBO
O

O

O

O

N3

(S)-2-hydroxy-3-(4-methoxybenzyoxy) propyl 10-azidodecanoate (953 mg, 2.34
mmol), stearic acid (996 mg, 3.51 mmol), N, N’-dicyclohexylcarbodiimide (DCC,
724 mg, 3.51 mmol), 4-dimethylaminopyridine (DMAP, 143 mg, 1.17 mmol) were
suspended in 25 mL of dichloromethane. The reaction was stirred at room
temperature and was extracted with dichloromethane (2 X 30 mL) and water(20
mL). The organic layer was dried with magnesium sulfate, filtered and rotovaped.
The product was then purified by column chromatography over silica gel with
gradient elution from 100% hexanes–40% ethyl acetate/hexanes to obtain
product as yellow oil (1.40 g, 87%).

1

H NMR (300 MHz, CDCl3) δ 7.23 (d, J = 8.39 Hz, 2H), 6.86 (d, J = 8.51 Hz, 2H),

5.26-5.19 (m, 1H), 4.46 (d, J = 4.08 Hz, 2H), 4.33 (dd, J = 11.89, 3.75 Hz, 1H),
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4.17 (dd, J = 11.84, 6.48 Hz, 1H), 3.79 (s, 3H), 3.55 (d, J = 5.11 Hz, 2H), 3.24 (t,
J = 6.89 Hz, 2H), 2.29 (td, J = 12.36, 7.44 Hz, 4H), 1.65-1.54 (m, 8H), 1.33-1.23
(m, 36H), 0.88 (t, J = 6.13 Hz, 3H) ppm.

(S)-1-(10-azidodecanoyloxy)-3-hydroxypropan-2-yl stearate (53)

1-(10-azidodecanoyloxy)-3-(4-methoxybenzyloxy)propan-2-yl dodecanoate (36
mg, 0.0545 mmol) and 2,3-dichloro-5,6-dicyano-p-benzoquinone(24 mg, 0.109
mmol) were suspended in a solution of 3 mL dichloromethane and 0.3 mL
distilled water. The reaction was stirred for 3 hours, and was extracted with
dichloromethane 2 X 50 mL) and sodium bicarbonate (30 mL). The organic layer
was dried with magnesium sulfate, filtered and rotovaped. The product was then
purified by column chromatography over silica gel with gradient elution from
100% hexanes–40% ethyl acetate/hexanes to obtain product as yellow oil (47
mg, 75%).
79

1

H NMR (300 MHz, CDCl3) δ 5.12-5.05 (m, 1H), 4.36-4.10 (m, 2H), 3.73 (s, 2H),

3.26 (t, J = 6.83 Hz, 2H), 2.34 (q, J = 6.83 Hz, 4H), 2.12 (t, J = 6.15 Hz, 1H),
1.68-1.56 (m, 8H), 1.38-1.22 (m, 36H), 0.88 (t, J = 5.57 Hz, 3H) ppm.

2-(diphenylphosphino)phenol (55)

P
OH

The round bottom flask and magnetic stir bar was flame dried. The diphenyl (2methoxy) phenyl phosphine (300 mg, 1.026 mmol) was dissolved in anhydrous
dichloromethane (20 mL) and reaction was placed under nitrogen atmosphere.
The reaction temperature was dropped to -78 °C followed by addition of
borontribromide (BBr3, 194 µL, 2.05 mmol) and reaction was stirred at -78 °C for
20-30 minutes flowed by stirring the reaction at room temperature overnight. The
solvent was removed under reduced pressure. Anhydrous methanol (7 mL) was
added to the reaction keeping the solution at 0 °C and reaction was stirred at
room temperature overnight. The solvent was removed under reduced pressure
followed by addition of triethylamine (481 µL, 3.45 mmol) and toluene (20mL) to
the reaction flask. The reaction was stirred at room temperature for 6 hours. After
removing the solvent under reduced pressure, the product was purified by
column chromatography over silica gel with gradient elution from 5%–15% ethyl
acetate/hexanes to obtain the product as white powder (179 mg, 63%).
NMR matched the literature.72
80

2-(diphenylphosphino4-(pyren-2-yl)butanoate (59a)

2-(diphenylphosphino)pheny 4-(pyren-2-yl) butanoate (50 mg, 0.19 mmol),
pyrene butyric acid (83 mg, 0.28 mmol), N,N’-dicyclohexylcarbodiimide (DCC, 57
mg, 0.28 mmol) and 4-dimethylaminopyridine (DMAP, 11.6 mg, 0.095 mmol)
were suspended in 4 mL of dichloromethane in a round bottom flask. The
reaction stirred overnight at room temperature. Following solvent removal by
rotary evaporation, the product was dissolved in ethyl acetate and filtered. The
product was then purified by column chromatography over silica gel with gradient
elution from 5%–15% ethyl acetate/hexanes to obtain product as a shiny
transparent solid (76 mg, 72%).

1H NMR (300 MHz, CDCl3) δ 8.24 (d, J = 9.28 Hz, 1H), 8.16-8.12 (m, 2H), 8.07
(dd, J = 7.56, 1.92 Hz, 2H), 7.96 (t, J = 6.49 Hz, 1H), 8.02-7.99 (m, 2H), 7.79 (d,
J = 7.81 Hz, 1H), 7.36 (t, J = 7.72 Hz, 1H), 7.30-7.21 (m, 10H), 7.16-7.09 (m,
2H), 6.84-6.78 (m, 1H), 3.29-3.21 (m, 2H), 2.41 (d, J = 7.25 Hz, 2H), 2.02
(pentet, 2H) ppm.
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2-(diphenylphosphino)phenyl 2-(naphthalene-2-yl)acetate (59c)

2-(diphenylphosphino)pheny 4-(pyren-2-yl) butanoate (205 mg, 0.787 mmol),
naphthyl acetic acid (219.9 mg, 1.181mmol), N,N’-dicyclohexylcarbodiimide
(DCC, 244 mg, 1.180 mmol) and 4-dimethylaminopyridine (DMAP, 48 mg, 0.393
mmol) were suspended in 15 mL of dichloromethane in a round bottom flask. The
reaction stirred overnight at room temperature. Following solvent removal by
rotary evaporation, the product was dissolved in ethyl acetate and filtered. The
filtrate was rotovaped and residue was then purified by column chromatography
over silica gel with gradient elution from 5%–15% ethyl acetate/hexanes to obtain
product as a shinny transparent solid (302mg, 86%).

1

H NMR (300 MHz, CDCl3) δ 7.77-7.71 (m, 3H), 7.56 (s, 1H), 7.42-7.22 (m, 13H),

7.11-7.03 (m, 2H), 6.82-6.78 (m, 1H) ppm.
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2-(diphenylphosphino)phenyl 2-(naphthalene-2-yl)acetate (59b)

2-(diphenylphosphino)pheny 4-(pyren-2-yl) butanoate (258 mg, 0.99 mmol), 9anthracene carboxylic acid (330 mg, 1.48 mmol), N,N’-dicyclohexylcarbodiimide
(DCC, 305.3 mg, 1.48 mmol) and 4-dimethylaminopyridine (DMAP, 61 mg, 0.495
mmol) were suspended in 10 mL of dichloromethane in a round bottom flask. The
reaction stirred overnight at room temperature. Following solvent removal by
rotary evaporation, the product was dissolved in ethyl acetate and filtered. The
filtrate was rotovaped and residue was then purified by column chromatography
over silica gel with gradient elution from 5%–15% ethyl acetate/hexanes to obtain
product as a shiny transparent solid (385 mg, 80%).

1

H NMR (300 MHz, CDCl3) δ 8.49 (s, 1H), 8.39 (d, J = 7.21 Hz, 2H), 8.01 (t, J =

7.32 Hz, 2H), 7.94 (d, J = 8.96 Hz, 1H), 7.82 (d, J = 8.90 Hz, 1H), 7.55-7.48 (m,
2H), 7.44 (d, J = 7.89 Hz, 1H), 7.40-7.32 (m, 10H), 7.20 (t, J = 7.43 Hz, 1H),
6.91-6.85 (m, 1H) ppm.
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(S)-1-hydroxy-3-(10-(4-(pyren-1-yl)butanamido)decanoyoxy)

propan-2-yl

stearate (67a)
HO
O

O

O

O

NH
O

(S)-1-(10-azidodecanoyloxy)-3-hydroxypropan-2-yl stearate

(124 mg, 0.224

mmol) and 2-(diphenylphosphino)phenyl 4-(pyren-2-yl) butanoate
(148 mg, 0.27 mmol) was dissolved in toluene (5 mL). The reaction was stirred
in dark at 70 ºC overnight keeping the reaction under nitrogen. The solvent was
removed and reaction anhydrous chloroform was added to the reaction mixture.
The reaction was stirred overnight at room temperature under nitrogen in dark.
The solvent was removed under reduced pressure and product was purified by
column chromatography over silica gel with gradient elution from 10%–70% ethyl
actetate/hexanes to obtain product as transparent solid (79mg, 45%).
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1

H NMR (300 MHz, CDCl3) δ 8.30 (d, J = 9.27 Hz, 1H), 8.16 (d, J = 7.86 Hz, 2H),

8.10 (d, J = 9.02 Hz, 2H), 8.04-7.96 (m, 3H), 7.85 (d, J = 7.79 Hz, 1H), 5.40 (t, J
= 4.91 Hz, 1H), 5.11-5.04 (m, 1H), 4.34-4.04 (m, 2H), 3.72 (d, J = 4.05 Hz, 2H),
3.39 (t, J = 6.61 Hz, 2H), 3.26-3.17 (m, 2H), 2.69 (s, 1H), 2.35-2.19 (m, 8H),
1.64-1.55 (m, 4H), 1.47-1.39 (m, 2H), 1.33-1.21 (m, 38H), 0.88 (t, J = 6.36 Hz,
3H) ppm.

(S)-1-hydroxy-3-(10-(2-(naphthalene-2-yl)-2-oxoethylamino)

decanoyloxy)

propan-2-yl stearate (67c)
HO
O

O

O

O

NH
O

(S)-1-(10-azidodecanoyloxy)-3-hydroxypropan-2-yl stearate

(42 mg, 0.075

mmol) and 2-(diphenylphosphino)phenyl 2-(naphthalene-2-yl)acetate
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(50 mg, 0.09 mmol) were dissolved in toluene (2 mL). The reaction was stirred in
dark at 70 ºC overnight keeping the reaction under nitrogen atmosphere. The
solvent was removed and anhydrous chloroform (2 mL) was added to the
reaction mixture. The reaction was stirred overnight at room temperature under
nitrogen in dark. The solvent was removed under reduced pressure and product
was purified by column chromatography over silica gel with gradient elution from
10%–70% ethyl acetate/hexanes to obtain product as transparent solid (18mg,
34.6%).
1

H NMR (300 MHz, CDCl3) δ 7.86-7.35 (m, 7H), 5.39 (s, 1H), 5.31-5.25 (m, 1H),

4.36-4.07 (m, 4H), 3.73 (s, 2H), 3.18 (q, J = 6.70 Hz, 2H), 2.37-2.15 (m, 4H),
1.73-1.48 (m, 6H), 1.40-1.13 (m, 8H), 0.88 (t, J = 6.28 Hz, 3H) ppm.

86

(S)-1-(10-(anthracene-2-carboxamido)decanoyloxy)-3-hydroxypropan-2-yl
stearate (67b)

(S)-1-(10-azidodecanoyloxy)-3-hydroxypropan-2-yl stearate (60 mg, 0.108 mmol)
and

2-(diphenylphosphino)phenyl 2-(naphthalene-2-yl)acetate (63 mg, 0.130

mmol) was dissolved in toluene (2 mL). The reaction was stirred in the dark at 70
º

C overnight keeping the reaction under nitrogen. The solvent was removed and

reaction anhydrous chloroform (2 mL) was added to the reaction mixture. The
reaction was stirred overnight at room temperature under nitrogen in the dark.
The solvent was removed under reduced pressure and product was purified by
column chromatography over silica gel with gradient elution from 10%–70% ethyl
actetate/hexanes to obtain product as transparent solid (42 mg, 53%).
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1

H NMR (300 MHz, CDCl3) δ 8.52 (s, 1H), 8.45 (s, 2H), 8.04 (t, J = 8.27 Hz, 2H),

t7.80-7.39 (m, 4H), 6.37 (s, 1H), 5.12-5.06 (m, 1H), 4.32 (dd, J = 11.84, 4.42 Hz,
1H), 4.23 (dd, J = 12.01, 5.64 Hz, 1H), 3.73 (t, J = 5.70 Hz, 2H), 3.53 (q, J = 6.60
Hz, 2H), 2.36-2.30 (m, 4H), 1.70-1.55 (m, 8H), 1.43-1.19 (m, 36H), 0.87 (t, J =
6.61, 6.61 Hz, 3H) ppm.
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